Abstract: Uniform period sub-micron gratings have been fabricated using focused ion beam milling on hafnium oxide waveguides. Atomic force microscopy indicates that the gratings have smooth and uniform profiles. At the period of 330 nm, the largest peak-to-peak height that was achieved was 85 nm. Scattering at the grating imperfections was found to be at least two orders of magnitude weaker than the intensity of the diffracted order. 
Introduction
Planar waveguide gratings are important building blocks in the construction of rigid and compact integrated optical devices that offer applications in many fields [1] including chemical and biological analyses. One such device that was developed for chemical analysis is a miniaturized spectrometer that employs a buried uniform period grating in tantalum pentoxide planar waveguide [2] . Some other examples are optical waveguide demultiplexer [3] and focal-spot intensity modulator [4] , both of which employ focusing grating couplers (FGCs). We proposed, earlier, a hafnium oxide thin-film micro spectrometer [5] with a diffractive optic element (DOE) that performs all the three functions of collimating, dispersion and focusing. This DOE and the aforementioned FGCs are essentially two-dimensional focusing gratings on planar waveguides.
Gratings with constant periods are non-focusing gratings and they can be fabricated by various methods like conventional ruling, holographic exposure followed by wet or dry etching, focused ion-beam (FIB) milling [6] [7] [8] [9] , e-beam lithography and etching [1] [2] [3] , e-beam direct writing [1] , imprinting or embossing [10] and laser ablation [11] . For the fabrication of one-dimensional focusing gratings (chirped gratings with monotonically varying periodicity) or two-dimensional focusing gratings, all the above methods are technically possible. In fact, the fabrication of focusing gratings (both one-dimensional and two-dimensional) by conventional holography methods was done about three decades ago [12, 13] . Focusing grating couplers have been fabricated by e-beam lithography technique also [1, 10] . However, holographically fabricated focusing gratings pose aberration problems for usage in a wide spectral range [1, 13] which is essential for several spectrometry applications. By using FIB milling, these problems could be minimized or eliminated. FIB also facilitates ease of fabrication for unconventional micro structures.
In focused ion-beam milling, a metal ion beam, usually Ga + , is sharply focused on the sample along the desired pattern and the sample material is physically removed as a result of collision of high-energy ions with the sample atoms in the focused area. The amount of material removed depends on the dosage given.
Using FIB, micro and nano gratings and other structures have been fabricated on various materials including silicon [6, 7] , aluminum [8] , permalloy (Ni 80 Fe 20 ) films [9] , GaN [14] and recently, SiON thin film planar waveguides [15] . Diamond milling by FIB has been reported in light of fabrication of indenter for sub-10 nm nanoindentation measurements [16] . Hafnium oxide, like zirconium oxide and diamond, is a very hard and chemically stable material. Here, we report the very first fabrication of uniform period gratings on hafnium oxide waveguides by FIB.
Fabrication
In this work, commercially available (Thinfilm Labs) hafnium oxide thin films deposited by electron beam evaporation on 1.2 mm thick BK7 glass slides were used. We designed the thickness of the hafnium oxide films to be 293 nm. All the gratings were fabricated with an FEI 200 Nova Nanolab Dual beam Focused Ion Beam Workstation.
For hafnium oxide waveguides, surface charging occurred when the sample was subjected to the Ga + ion beam in the ion beam chamber. The milling side of the sample was coated with 10 nm thick chromium or carbon so as to avoid this problem. Both materials showed good adhesion to the waveguide surface and prevented the charging. Experiments were done to find the optimum settings of the FIB for the fabrication of uniform period gratings of pitch in the range 300 -500 nm and depth in the range 50 -100 nm. This pitch range for the gratings was chosen in order to have a good angular separation and hence, spatial separation and resolution for all the wavelengths in the targeted range (400nm -700 nm) of our integrated micro spectrometer. No particular grating profile was chosen for this experiment. It is worth noting here that in waveguide grating couplers, when high spectral and/or angular selectivity of coupling/out-coupling is required, the diffraction efficiency of the grating has to be rather low (often < 1 %) to provide large interaction length ( say, > 100 μ m) between the free-space beam and the guided mode. This can be easily understood using a simplified geometricoptical model: a light ray in a guiding slab has to hit the grating hundreds of times before being outcoupled. A grating with very large efficiency (approaching 100 %) would have no spectral or angular selectivity at all.
We have found in our previous experiments with hafnium oxide planar waveguide gratings that a grating depth in the range 50-100 nm provides efficient coupling of light into single mode hafnium oxide waveguides with a top silica cladding layer of 75 nm. The coupling gratings for these experiments were uniform period gratings and were fabricated on the top silica cladding layer by deep UV (244 nm) holographic exposure and dry etching [ . It also justifies our targeted depth range for gratings by FIB milling. It is of our interest to eliminate the cladding layer and fabricate gratings directly in the hafnium oxide guiding layer because hafnium oxide being chemically and environmentally stable provides very good compatibility for biological and chemical samples to be analyzed using our microspectrometer. Hence, hafnium oxide planar waveguides without any cladding layer were used for our FIB milling experiments. A simple program that incorporates 'line' command in an iterative manner was used to pattern uniform period gratings with the desired pitch, depth and length. For all the gratings, the beam overlap percentage was 50% in x and y directions and the beam dwell time was 1µs. The voltage was kept constant at 30 KV whereas the current and programmable depth settings 1 inch (2.54 cm) (a) (b) Fig. 2. (a) A typical good surface quality uniform period grating on hafnium oxide waveguide made with FIB milling, and its profile (b) AFM image of an over-milled grating fabricated using larger than optimal current (3nA), and its profile.
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The deepest fabricated grating had a peak-to-peak height or in other words, grating depth of 85 nm. For all the gratings, the grating depth was lesser than the actual milled depth. The actual milled depth is a measure of how deep the sample material was milled and it can be found by taking an AFM scan near the edge of the grating. It is the perpendicular distance between the unmilled sample surface and the troughs of the grating. This lesser grating depth can be attributed to the larger extent of overlap of adjacent milled patterns which depends on the particular current setting and grating pitch. This is evident from Fig. 2(a) grating edge is seen to be at a greater height than the groove tops. The resulting grating profile was similar to the typical profile for gratings milled with FIB on silicon or Si 3 N 4 [6, 9, and 15] . It has been observed that accurate focusing is very critical for the fabrication of good gratings with the required characteristics. Also, the magnification has been found to play an important role during fabrication because it represents the total area the ion beam sees at a given time and therefore, appropriate magnification setting must be done for good feature resolution for the gratings. The ion-beam was focused normally on the sample.
Consistently with results reported in [6] , higher than optimal currents gave us deeper milling but shallower and rougher grating grooves for the same pitch [ Fig. 2(b) ]. On the other hand, a minimum amount of current is required for milling a particular grating pattern at any given magnification and hence the current values cannot be reduced below a particular value for that pattern even though lesser currents would result in lesser overlap and larger grating depths.
Optical characterization
For optical characterization, first, the out-coupling by the FIB milled gratings was demonstrated. A planar slab waveguide of hafnium oxide (waveguide thickness 293 nm) on which four gratings were milled and whose edges were prepared by polishing, was used for this experiment. Light from a He-Ne laser was edge-coupled to the HfO 2 waveguide with the help of a 10x microscope objective with numerical aperture NA = 0.25 [ Fig. 3(a) ]. The effective thickness [17] of this waveguide at 632.8 nm for TE polarization is 484.6 nm and the focal spot size produced by the objective at the waveguide edge is ~ λ / NA ~ 2.5 µm. Since the effective waveguide thickness is less than the spot size, the coupling efficiency from this edge-coupling is low but a small amount of coupling is sufficient for our out-coupling demonstration experiment. A paper screen was placed about 2 cm in front of the waveguide. The out-coupled light from four FIB milled gratings was explicitly seen as four dots on the paper screen. Figure 3(b) shows the layout of the four gratings on the planar waveguide as seen in Leica DMR microscope. The grooves of the four gratings are oriented in the vertical direction. Gratings 1 and 2 are separated from gratings 3 and 4 in the vertical direction by about 100 microns on the waveguide whereas the corresponding spots on the paper screen are separated in the same 1 direction by about 1mm. This is because the guided light beam is not parallel but divergent. The locations of the spots on the paper screen in the horizontal direction are determined by the locations of the gratings on the waveguide and the out-coupling angles which in turn depend on the periodicities of the gratings. For this grating scheme, the relative locations of the spots on the paper screen in the horizontal direction have been primarily determined by the differences between the out-coupling angles. It is recalled here that the angle θ (measured clock-wise from the normal to the grating) of out-coupled light of wavelength λ from a waveguide grating of period Λ and waveguide effective refractive index n* is given by:
The observed spots' locations on the screen are in good qualitative agreement with the locations estimated using Eq. (1). The diffraction efficiency of the first diffracted order of transmission has been measured at an incident angle of 55 degrees for a typical grating whose pitch was 460 nm and depth was 60 nm (fabricated using the same settings as entry 1 in table 1 except for the programmable pitch, which was set at 500 nm). He-Ne laser beam of wavelength 632.8 nm was initially allowed to expand to about 8 mm in diameter and was then focused to a spot below 40 μ m in diameter on the grating [ Fig. 4(a) ]. The diffraction efficiency of the '-1' transmitted order in TE polarization configuration at 55 o incident angle was measured to be 0.8 %. As was mentioned earlier, for a grating coupler in a geometry shown in Fig. 3(a) , the diffraction efficiency to a free-space beam is intentionally low. Theoretical estimation of the diffraction efficiency was done using the modal method [18] assuming sinusoidal profile for the grating and it was 1.06 %. The measured efficiency is reasonably close to the estimated value. The minor difference between the estimated efficiency and the experimentally obtained value can be attributed to the grating profile which is not exactly sinusoidal and also possibly some stray scattering because of the implanted Ga + ions during focused ion-beam milling. Figure 4(b) shows the diffracted spot captured by a CCD camera. The intensity profile along a horizontal line drawn approximately through the center of the diffracted spot is shown in Fig. 4(c) . The intensity profile contains the side-lobes indicating that the laser spot was partly expanded beyond the grating area. This also contributed to the reduction of the measured diffraction efficiency. The profile also contains information about both the diffracted spot and the scattering from the grating. The stray scattering from the grating at angles far from the direction of diffraction was found to be at least two orders less than the peak intensity of the diffracted beam. The weak stray scattering confirms that the grating profile achieved with optimal FIB milling is acceptable.
Discussion
The dry etching of hafnium oxide films hasn't been studied much so far. FIB milling might be a better candidate than e-beam lithography followed by etching for patterning in hafnium oxide films because of its proven capability of milling hard materials.
Robert Austin et al [8] proposed gas-assisted etching as a possible solution to the ion implanting problem and we plan to explore this in order to improve our overall integrated device performance. This would also take care of any residual carbon or chromium atoms that could have been implanted in the grating during the process of milling.
Conclusion
This study throws light on micro structuring in hafnium oxide thin films and is a first step towards fabrication of integrated optical components including diffractive optical elements. FIB is suitable for the milling of good quality sub-micron structures in a hard material such as hafnium oxide.
